High-intensity focused ultrasound (HIFU) is a novel therapeutic modality that permits noninvasive treatment of various benign and malignant solid tumors, including prostatic cancer, uterine fibroids, hepatic tumors, renal tumors, breast cancers, and pancreatic cancers. Several preclinical and clinical studies have investigated the safety and efficacy of HIFU for treating solid tumors, including pancreatic cancer. The results of nonrandomized studies of HIFU therapy in patients with pancreatic cancer have suggested that HIFU treatment can effectively alleviate cancer-related pain without any significant complications. This noninvasive method of delivering ultrasound energy into the body has recently been evolving from a method for purely thermal ablation to harnessing the mechanical effects of HIFU to induce a systemic immune response and to enhance targeted drug delivery. This review provides a brief overview of HIFU, describes current clinical applications of HIFU for pancreatic cancer, and discusses future applications and challenges. (Gut Liver 2010;4(Suppl. 1):S57-61)
INTRODUCTION
Ultrasound is one of the most useful diagnostic tools in current clinical practice. Most clinicians are familiar with diagnostic ultrasound; however, the use of high intensity focused ultrasound (HIFU) for therapeutic purposes is an emerging medical technology that many physicians are unfamiliar with. HIFU is a completely non-invasive method to achieve ablation in solid tissue using focused ultrasound energy from an extracorporeal source to a target within the body.
HIFU is an emerging therapeutic technique but has a long history. The initial investigation of ultrasound in biologic systems was not for imaging but for its biologic effects. 1 In the 1950's Fry et al. 2, 3 applied HIFU to the human brain with the intent to create discrete lesions to treat hyperkinetic disorders such as Parkinson's disease. With recent technical advances, clinical devices have been developed leading to several clinical studies of HIFU for treatment of benign and malignant solid tumors of the liver, prostate, bladder, kidney, uterus, breast and pancreas. Pancreatic cancer is the fourth leading cause of cancer death in the United States and more than 42,470 people were newly diagnosed with pancreatic cancer in the United States last year and most patients dying within one year. 4 Approximately 80% of patients have unresectable disease at the time of diagnosis with an overall 5-year survival rate of less than 1%. The median survival of the patients with pancreatic cancer is less than 3 months without therapy and less than 6 to 12 months with therapy. Therefore, the primary goals of treatment for advanced pancreatic cancer patients are to improve overall survival and palliation. Preliminary studies suggest that HIFU may be useful for the palliative therapy of cancer-related pain in patients with unresectable pancreatic cancer. [4] [5] [6] [7] This review provides an overview of HIFU, discusses current clinical applications of HIFU for pancreatic cancers, and addresses future applications and challenges.
OVERVIEW OF HIFU
Ultrasound is a form of mechanical energy that can propagate through most of the human body. HIFU can be described in an analogous fashion to light. Light is a form of electromagnetic energy that can be used to see objects (imaging). Similarly, ultrasound is a form of mechanical energy that can be used to perform imaging. However, if the energy is focused, e.g., using a magnifying glass to focus sunlight, the concentrated energy is sufficient to burn an object at the focus. Similarly, when high intensity ultrasound energy is generated by an ultrasound transducer that is focused either mechanically (spherically curved or using a focusing lens) or electronically by phasing an array of transducers, ultrasound energy can heat and ablate tissue. The focal characteristics of most clinically available transducers are similar in size to a grain of rice, typically 2-3 mm in diameter and 8-10 mm in length. The acoustic intensities used in HIFU differ from diagnostic ultrasound in that the time averaged acoustic intensity at the focus is several orders of magnitude greater for HIFU. Diagnostic ultrasound typically produces time averaged acoustic intensities of around 100 mW/cm 2 whereas HIFU can deliver intensities at the focus that is over 10 kW/cm 2 .
Biologic effects of HIFU
HIFU is able to produce both thermal and mechanical effects in tissue. Thermal effects from HIFU result from heat generation at the focus due to absorption of acoustic energy in tissue. The absorption of ultrasound energy in tissue can elevate the temperature rapidly up to 100 o C. Focusing of the ultrasound energy minimizes the potential for thermal damage to intervening tissue between the transducer and the focal point because the intensities are substantially lower outside the focal region. If the temperature is elevated to 100 o C then boiling occurs at the focus and coagulative necrosis occurs immediately. However, if the temperature is not elevated to over 100 o C then a phenomenon termed thermal fixation can occur where the cells do not undergo lysis and the tissue architecture remains relatively intact but the cells are no longer viable. This has been seen in patients treated with HIFU followed by surgical resection. 8 As the lesion evolves the cells degenerate resulting in coagulative necrosis; however, this effect is significant for the treatment of the pancreas where cell lysis has potential to release autodigestive enzymes and lead to pancreatitis. With HIFU treatments that result in thermal fixation, pancreatic cells do not undergo lysis until the intracellular enzymes have been completely denatured and inactivated, theoretically reducing the risk of pancreatitis with HIFU therapy. HIFU is also able to produce mechanical bioeffects that are not seen with low intensity US. Mechanical effects include acoustic cavitation, radiation force, shear stress and acoustic streaming/microstreaming. Acoustic cavitation is the most significant mechanical phenomenon that occurs when a gas-filled bubble interacts with an ultrasound field. Gas-filled bubbles can form in tissue in response to ultrasound fields with high peak negative pressures that extract gas from the tissue resulting in bubble formation or they can be introduced intravascularly in the form of ultrasound contrast agents. Bubbles can undergo oscillations in size in response to positive and negative pressures from the ultrasound field. Given the appropriate ultrasound parameters (frequency, pulse length, pulse repetition frequency, and pressure amplitudes) and bubble conditions (concentration, size, and composition) a bubble can undergo expansion followed by violent collapse of the bubble which is termed inertial cavitaion. 9 If a bubble undergoes inertial cavitation, the force produced from the collapse of the bubble can be sufficient to cause cell lysis. 10 Radiation force is another mechanical phenomenon that can occur from HIFU exposure which results when a wave is either absorbed or reflected. If the reflecting or absorbing medium is tissue or other solid material, the acoustic force presses against the medium, producing a radiation force. If the medium is liquid and can move under pressure, then acoustic streaming results. Acoustic streaming caused by an oscillating bubble in an acoustic field immediately surrounding the bubbles is specifically referred to as acoustic microstreaming. 
Monitoring of HIFU treatment
Currently available commercial devices employ two different methods of imaging, ultrasound and MR, for guiding and monitoring HIFU therapy. Ultrasound is relatively inexpensive and provides real-time imaging using the same energy modality as HIFU. Adequate ultrasound imaging of the target suggests that there is no obstruction (e.g., bowel gas or bone) to ultrasound energy reaching the target. However, ultrasound imaging used in current clinical devices does not have the capability of performing thermometry or other monitoring of the focal region for lesion formation with the exception of identifying hyperechoic changes. The hyperechoic changes on ultasound imaging represent gas bubble formation due to tissue boiling, and do not precisely correlate with the actual lesion that is created. 12 MR-guided HIFU provides excellent cross-sectional imaging of the target. Furthermore, MR imaging allows for near-real-time monitoring of HIFU treatments by provid- ing temperature information within seconds after HIFU treatment. However, motion artifact and spatial resolution can limit its accuracy in the clinical setting.
HIFU OF PANCREATIC TUMORS
As previously mentioned, most patients with pancreatic cancer are deemed inoperable at the time of diagnosis and the efficacy of systemic chemotherapy is limited. Palliative therapy for pain relief is an important aspect of managing these patients. Furthermore, development of effective local therapies will likely be essential as systemic therapies improve. Currently, HIFU treatment of pancreatic cancer is widely available in China, with limited availability in South Korea and Europe. A preclinical in vivo study of HIFU ablation of the pancreas in swine resulted in effective ablation of the pancreas without any significant adverse effects such as skin burns or evidence of pancreatitis on biochemical analysis suggesting that HIFU treatment for pancreatic cancer may be feasible and safe. 13 HIFU treatment is non-invasive with ultrasound energy delivered from an extracorporeal source (Fig. 1) . There have been several case series reporting on the use of HIFU to treat patients with pancreatic cancer (Table  1) . 5, 6, [13] [14] [15] [16] [17] [18] [19] These reports, all from China, investigated the use of HIFU as monotherapy or as combination therapy with chemotherapy. In general, these reports suggest that HIFU is an effective therapy for palliation of pain related to pancreatic cancer. Furthermore, no significant adverse effects were reported in any of these studies. The mechanism of pain relief in these patients is still unclear but may be due to damage of nerve fibers innervating the tumor. In these reports objective tumor response rates ranged from 14.6% to 74% with some cases showing significant reduction of tumor volume. However, there have been no comparative studies performed to demonstrate that treatment with HIFU confers a survival benefit. 
Enhancement of treatment efficacy
Several factors impact the efficacy of HIFU treatment of pancreatic cancers. Most importantly, an adequate acoustic window is essential for effective and predictable ablation of pancreatic tumors. Obstruction of the acoustic beam by bowel gas will prevent effective transmission of the acoustic energy to the target for effective ablation. Furthermore, the presence of bowel gas in the path of the acoustic beam increases the risk of complications such as thermal injury to the bowel. Therefore, it is important to minimize bowel gas prior to the procedure. Another factor that is important in achieving a consistent and effective therapy is to have a treatment protocol that delivers a consistent 'dose' to the target. To date, a standardized HIFU dose has not been established. If MR guidance is used for monitoring the HIFU therapy then a thermal dose can be determined. However, ultrasound-guided systems currently do not have the capability of thermometry. Therefore, in order to deliver a consistent therapy, a method for determining the amount of acoustic energy delivered to the tumor is needed in this situation. It is important to account for attenuation of the acoustic energy between the transducer and the target by the intervening tissue (primarily abdominal wall and viscera) when determining the amount of energy delivered to the tumor. 13 Lastly, respiratory movement of the tumor during the treatment must be considered and minimized. Respiratory motion tracking techniques to achieve more safe and effective therapy are currently in development.
FUTURE CLINICAL APPLICATIONS OF HIFU

Enhancement of cancer-specific immunity
Reports have suggested that local ablative therapies, such as RF ablation and cryosurgery, may lead to activation of the host immune system, which is sensitized to the ablated tumor lysates, to stimulate a systemic host tumor-specific immune response. 20 23, 24 These results suggest that local HIFU treatment may have systemic effects and could potentially be combined with systemic chemotherapy for local therapy as well as control of local tumor recurrence and metastasis. Further studies are needed to understand the mechanisms involved in HIFU-enhanced systemic immune response and to identify the optimal HIFU treatment parameters to elicit this response.
Enhancement of drug delivery
Ultrasound-enhanced drug delivery has become a highly active area of research area. The goal for ultrasoundenhanced drug delivery is to improve the efficacy of drugs by increasing local concentrations of drug while reducing systemic toxicity. 25, 26 Preliminary animal studies showed that pulsed HIFU increased delivery of chemotherapeutic agents to targeted tumors. 27, 28 The mechanisms of HIFUenhanced drug delivery likely include: 1) increasing the permeability of the vascular endothelial cells (most likely due to intravascular cavitation) allowing the chemotherapeutic agent to escape the vascular space into the interstitial space of the tumor; and 2) aiding the distribution of the chemotherapeutic agent into the tumor due to radiation force from the ultrasound field.
CONCLUSION
Pancreatic cancer is a logical target for HIFU therapy given the poor treatment options and the non-invasive nature of the therapy. Although further research is needed in determining the optimal methods for using HIFU to treat the pancreas, initial results to date are promising. Furthermore, the potential for new applications of HIFU, such as stimulation of the host immune system against the tumor (both local and metastatic) and targeted enhancement of drug delivery to the tumor, provide hope for improving outcomes in pancreatic cancer therapy.
